The first complete-genome DNA microarray was constructed for a hyperthermophile or a nonhalophilic archaeon by using the 2,065 open reading frames (ORFs) that have been annotated in the genome of Pyrococcus furiosus (optimal growth temperature, 100°C). This was used to determine relative transcript levels in cells grown at 95°C with either peptides or a carbohydrate (maltose) used as the primary carbon source. Approximately 20% (398 of 2065) of the ORFs did not appear to be significantly expressed under either growth condition. Of the remaining 1,667 ORFs, the expression of 125 of them (8%) differed by more than fivefold between the two cultures, and 82 of the 125 (65%) appear to be part of operons, indicating extensive coordinate regulation. Of the 27 operons that are regulated, 5 of them encode (conserved) hypothetical proteins. A total of 18 operons are up-regulated (greater than fivefold) in maltose-grown cells, including those responsible for maltose transport and for the biosynthesis of 12 amino acids, of ornithine, and of citric acid cycle intermediate products. A total of nine operons are up-regulated (greater than fivefold) in peptide-grown cells, including those encoding enzymes involved in the production of acyl and aryl acids and 2-ketoacids, which are used for energy conservation. Analyses of the spent growth media confirmed the production of branched-chain and aromatic acids during growth on peptides. In addition, six nonlinked enzymes in the pathways of sugar metabolism were regulated more than fivefold-three in maltose-grown cells that are unique to the unusual glycolytic pathway and three in peptide-grown cells that are unique to gluconeogenesis. The catalytic activities of 16 metabolic enzymes whose expression appeared to be highly regulated in the two cell types correlated very well with the microarray data. The degree of coordinate regulation revealed by the microarray data was unanticipated and shows that P. furiosus can readily adapt to a change in its primary carbon source.
Hyperthermophiles are microorganisms that grow optimally at temperatures of 80°C and above (53) . Most are classified as archaea, and many utilize peptides as a carbon source and reduce elemental sulfur (S 0 ) to H 2 S (53). Some, including several species of Pyrococcus and Thermococcus, are able to metabolize poly-and oligosaccharides as well as peptides (5, 6, 16) . Herein, we focus on the primary carbon metabolism of one of the best studied of all hyperthermophiles, Pyrococcus furiosus. This organism was isolated from a shallow marine volcanic vent and grows optimally near 100°C with either peptides or carbohydrates used as its carbon and energy sources (16) .
Prior studies of the primary pathways for carbon metabolism by P. furiosus have yielded several surprises. In particular, it contains a modified Embden-Meyerhof pathway with two ADP-rather than ATP-dependent kinases, glucokinase and phosphofructokinase (26, 55) . In addition, the expected glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and the phosphoglycerate kinase (PGK) are replaced by a single enzyme, glyceraldehyde-3-phosphate ferredoxin oxidoreductase (GAPOR) that catalyzes the direct oxidation of glyceraldehyde-3-phosphate to 3-phosphoglycerate by using ferredoxin as an electron acceptor (36) . The pyruvate produced by glycolysis is oxidized to acetyl coenzyme A (acetyl-CoA) by another ferredoxin-linked enzyme, pyruvate ferredoxin oxidoreductase (POR), and ATP is formed by substrate-level phosphorylation by another novel enzyme, acetyl-CoA synthetase I (ACS I) (33) . Reduced ferredoxin is oxidized either by a respiratorytype membrane-bound hydrogenase complex that both translocates and reduces protons, or by an as-yet-uncharacterized S 0 -reducing system (45; R. Sapra, K. Bagramyan, and M. W. W. Adams, submitted for publication). The biosynthesis of amino acids from glycolytic intermediates is assumed to occur by the conventional pathways found in mesophilic bacteria, but this has not been investigated to any extent. On the other hand, during growth of P. furiosus on peptides, carbon is channeled to sugars by what appears to be a slightly modified version of the classical gluconeogenic pathway. This does contain the expected GAPDH and PGK, even though they do not function in glycolysis (46, 58) , but the enzyme that catalyzes the hydrolysis of fructose-1,6-bisphosphate is not defined, and two candidates have been proposed (40, 59) . Energy is conserved during amino acid catabolism via the acyl-and aryl-CoAs that are generated by transamination and oxidation of the 2-ketoacids by a family of ferredoxin-dependent, 2-ketoacid oxidoreductases. These utilize 2-ketoglutarate (KGOR), aromatic (IOR), or branched-chain 2-ketoacids (VOR). The CoA derivatives are converted to organic acids by ACS I and its isoenzyme, ACS II, with concomitant generation of ATP (33) .
How the pathways of sugar and amino acid metabolism are regulated in P. furiosus and related organisms is largely unknown. Studies of the expression of some individual genes have indicated that glucose-6-phosphate isomerase and GAPOR are the key regulation points in glycolysis (58, 60) , while fructose-1,6-bisphosphate aldolase (FBA) serves the same role in the gluconeogenic pathway (51) . In a preliminary study, P. furiosus grown either on maltose or peptides with and without S 0 provided the first evidence for a significant regulatory role for both S 0 and the carbon source, based on the activities of several key metabolic enzymes (1) . Herein, we have extended this analysis by using the same cells to determine whole-genome transcriptional profiles by using DNA microarrays.
The application of whole-genome DNA microarrays (47) has revolutionized functional genomics in eukaryotic systems, e.g., reference 43, but there have been far fewer analyses conducted by using prokaryotes. In the last 2 years, studies on 14 species have been reported, including Bacillus subtilus (65) , Escherichia coli (38) , a cyanobacterium (20) , and an extreme halophile (4) . However, complete genome analyses have yet to be applied to either a nonhalophilic member of the archaeal domain or to a thermophilic or hyperthermophilic organism. Indeed, for such organisms, results from only one partial genome array (271 open reading frames [ORFs]) have been reported, and this study focused on the effects of S 0 on the metabolism of P. furiosus (49) . Herein, we describe transcriptional analysis that was performed by using all of the 2,065 ORFs that have been annotated in the complete genome of P. furiosus (42) . The results reveal extensive coordinate regulation in response to a change in the primary carbon source-a conclusion validated to a large extent by enzymatic and metabolic product analyses.
MATERIALS AND METHODS
Array design and RNA preparation. Primers were designed for the 2,065 ORFs in the P. furiosus genome (http://comb5-156.umbi.umd.edu/genemate/) by using Array Designer (Premier Biosoft International, Palo Alto, Calif.) and custom scripts (F. Poole., personal communication). Specific 50-mer oligonucleotides were designed for ORFs PF1327, PF1852, and PF1910 in addition to the full-length probes, as these ORFs have highly similar sequences. All primers were purchased from MWG Biotech (High Point, N.C.). PCR products were generated for 1,949 complete ORFs, and for the remaining 107 ORFs, primers were designed to give products of about 1 kb in length (unless the target ORF was smaller). Products were obtained for all ORFs. These were purified with a 96 PCR purification kit (Telechem, Sunnyvale, Calif.), eluted in 50% (vol/vol) dimethyl sulfoxide, and spotted in duplicate on aminosilane-coated slides (Perkin-Elmer, Boston, Mass. and Asper, Tartu, Estonia) in 16 subarrays by using a robotic slide printer (Omnigrid; Genemachines, San Carlos, Calif.). The slides were processed as previously described (10) .
P. furiosus (DSM 3638) was grown in batch mode in a 20-liter custom fermentor at 95°C in the presence of S 0 with either peptides (hydrolyzed casein) or maltose used as the primary carbon source (1) . The cells that were used to prepare RNA for the microarray analyses were identical to those from experiments that have been described previously (1) . In that case, activity assays were performed for more than 20 enzymes involved in the primary metabolic pathways by using cytoplasmic and membrane fractions, and these results are referred to below. Samples (2,000 ml) of the same cultures were removed toward the end of log-phase growth (2 ϫ 10 8 cells/ml), cooled on ice, and total RNA was extracted by using acid phenol extraction (61) .
Preparation of cDNA and hybridization conditions. Each cDNA was prepared as described previously (49) , except that they were labeled differentially with Alexa dyes 488, 546, 594, or 647 (Molecular Probes, Eugene, Oreg.) according to the manufacturer's instructions. Labeled cDNA pools derived from P. furiosus cells grown in the presence of peptides or maltose were combined and hybridized to the microarrays by using a Genetac hybridization station (Genomic Solutions, Ann Arbor, Mich.) for between 10 and 15 h. The slides were then washed automatically for 20 s in each of 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% Tween 20, 0.2ϫ SSC-0.1% Tween 20, 0.2ϫ SSC, and finally rinsed in distilled water and blown dry with compressed air. Fluorescence intensities of each of the four dyes were measured with a Scan Array 5000 slide reader (Perkin-Elmer) with the appropriate laser and filter settings. To obviate dye effects, each of the samples was labeled with different dyes between replicates and duplicates. However, we did not observe significant differences between the four dyes related to incorporation, fluorescent yield, or stability.
Data analysis. Fluorescent spots on the microarrays were identified and quantitated by using the Gleams software package (Nutec, Houston, Tex.). The relative amounts of the transcripts were presented in a linear fashion by converting all ratios (maltose/peptides) to a log 2 function. The detection limit of fluorescent signals was set arbitrarily to 1,000 intensity units, and such spots are not visible on the false overlay. Only ORFs that display intensities of more than twice the detection limit (2,000 arbitrary units) were considered valid. Each log 2 value represents an average of four hybridization experiments performed in duplicate by using cDNA derived from four different cultures of P. furiosus: two grown on peptides and two grown on maltose. Standard deviations for these data are included. The results for each ORF therefore consisted of 16 pairwise comparisons between peptide and maltose cultures. Individual t-test procedures were conducted to identify the significantly differentially expressed ORFs and Holm's step-down P value adjustment procedure was performed (21) to give modified P values.
Enzyme assays. Cell extracts used for all assays were prepared as described previously (1) . Isocitrate dehydrogenase activity was measured at 85°C by the formation of NADPH by the previously described method (52) , except that 50 mM N- [2-hydroxyethyl] piperazine-NЈ- [3- propanesulfonic acid] (EPPS) pH (7.5), was used as the buffer. Amylase activity was measured by the release of Remazolbrilliant Blue (41) . A 0.6% (wt/vol) suspension of starch azure (Sigma, St Louis, Mo.) was washed in 50 mM EPPS (pH 7.5) containing 40 mM NaCl at 95°C for 2 min. The insoluble substrate was recovered by centrifugation and resuspended at 0.6% (wt/vol) in the same buffer. Cell extracts were incubated with the substrate suspension at 85°C with continuous mixing. Product release was measured at 595 nm (41) . Acetolactate synthase was measured by incubating cell extracts in EPPS buffer (pH 7.5) in the presence of 50 mM pyruvate, 1 mM thiamine PP i , and 10 M flavin adenine dinucleotide at 85°C. Formation of acetolactate was performed as described previously (64) . GAPDH activity was measured by monitoring NADPH production as described previously (50) . Carbamoyl-phosphate synthetase (CPS) and carbamate kinase (CK) activities were estimated by measuring carbamoyl phosphate indirectly by using the ornithine transcarbamoylase pathway in cell extracts to produce citrulline (30) . The reaction mixture used to measure both enzyme activities contained 50 mM EPPS (pH 8.0), 8 mM L-ornithine, 20 mM ATP, 0.4 mg of urease per ml (Sigma), and 100 mM sodium bicarbonate. The N sources for the CK and CPS assays were 200 mM ammonium chloride and 2.5 mM glutamine, respectively. The reaction (500 l) was incubated at 60°C for 30 min and was stopped by the addition of 5 l of concentrated sulfuric acid. Citrulline was determined as described previously (7) . The methods for other enzyme assays are described in reference 1.
Determination of organic acids. Samples of media (1 ml) were removed from growing cultures of P. furiosus at various points in the growth phase, and cells were collected by centrifugation. The supernatant fractions were acidified and extracted three times with an equal volume of ether. Organic acids were converted to their potassium salts by adding 1 M KOH to pH 8 and dried by lyophilization. To obtain derivatives of the organic acids, the dried samples were suspended in 2 ml of acetonitrile containing ␣,p-dibromoacetophenone with 18-crown-6 ether used as a catalyst to yield UV-absorbing compounds as described previously (14) . The adducts of the common organic acids were separated by high-pressure liquid chromatography (Alliance 2690; Waters, Milford, Mass.) by using a C-18 column (150 by 3.9 mm) with a linear gradient of 45 to 75% (vol/vol) methanol in water. The adducts were detected with a photodiode array detector (Waters) at 260 nm. The identity of the organic acids was determined from standards and verified with electro spray mass spectrometry at the mass spectrometry facility of the University of Georgia.
RESULTS AND DISCUSSION
Experimental protocols and data analysis. A total of 2,065 ORFs are annotated in the genome sequence of P. furiosus (http://comb5-156.umbi.umd.edu/genemate/). Approximately 50% of these are designated (conserved) hypothetical and show no similarity to characterized ORFs in other genomes (42) . Each of the 2,065 ORFs was cloned by PCR amplification and was arrayed onto glass slides. The arrays were used to assess differential gene expression in P. furiosus cells grown in the presence of S 0 by using either peptides (hydrolyzed casein) or the disaccharide maltose as the primary carbon source.
Results were obtained from RNA samples that were prepared from four different P. furiosus cultures, two grown independently on each carbon source. All possible hybridization combinations were performed twice in duplicate by using the four sources of RNA, giving rise to 16 data points for each of the 2,065 ORFs. a The ORF description is derived either from the annotation (http://comb5-156.umbi.umd.edu/genemate: given within brackets) or from the indicated reference in which there is experimental data to support the ORF assignment specifically in P. furiosus (given without brackets). Potential operons are indicated by bold entries within a group where the intergenic distances are less than 30 nt.
b The intensity ratio (maltose/peptide) is expressed as a log 2 value so that the standard deviation can be given. For comparison between ORFs, the apparent change in the expression level is also indicated. ORFs are listed that are more than fivefold regulated or that are potentially part of an operon with Ͼfivefold-regulated ORFs but which themselves are regulated by at least threefold. The regulation is statistically significant (P value Ͻ0.01) for all ORFs unless otherwise indicated.
c Calculated from the average log 2 intensity ratio. The efficacy of the microarray experiment is shown by using RNA samples derived from two different cultures of P. furiosus cells grown independently under the same set of conditions. These were differentially labeled and hybridized to the same slide. Figure 1A shows the two sets of signal intensities using cells grown on peptides. Intensities vary over a Ͼ10 3 range, and ORFs with intensities less than 2,000 arbitrary units (or twice the detection limit [ Fig. 1A] ) are considered not to be significantly expressed. As expected, low-intensity signals show a high standard deviation because of background fluorescence, but otherwise the data points from the majority of the ORFs lie close to the diagonal. As indicated by the multiple lines, more than a fivefold difference in signal intensity (outer lines in Fig.  1A ) is readily discerned, while most ORFs display less than twofold change.
As shown in Fig. 1B , a change in the primary carbon source from peptides to maltose has a clear effect on gene expression when viewed on a genome-wide basis (cf. Fig. 1A ). Of the 2,065 ORFs analyzed, 311 had P values that were Ͻ0.05 (supplementary data [http://adams.bomb.uga.edu/pubs/sup238.pdf]). In the following, we focus on ORFs whose expression appears to be strongly regulated by the presence of peptides or maltose such that the signal intensity changes by at least fivefold (shown by the upper and lower diagonal lines in Fig. 1B . Approximately 80% (1,666 of 2,065) of the ORFs are significantly expressed under one or both growth conditions (intensity more than twofold greater than the detection limit). The expression of 125 (7.5%) ORFs are up-regulated by more than fivefold in either maltose-(total, 80) or peptide (total, 45)-grown cells, and these are listed in Tables 1 and 2 , respectively. Statistical support for the 125 highly regulated ORFs is provided by a t test-based analysis (described in Materials and Methods). This analysis yielded P values of Ͼ0.05 for two ORFs (PF1686 and PF1701), 119 ORFs yielded P values of Ͻ0.01, and the remaining four ORFs yielded P values between 0.01 and 0.05 (Table 1 and 2). The remaining ORFs can be subdivided into those that appear to be up-regulated between two-and fivefold by maltose (total, 46) or peptides (total, 99) and those that are not significantly regulated (total, 1,396) under either condition, in addition to those that are not expressed (total, 399). Information on the ORFs not listed in Tables 1 and 2 are available as supplementary information (http://adams.bmb.uga.edu/pubs/sup238.pdf).
Coordinate regulation of ORF expression. The ORFs that are up-regulated more than fivefold are listed in Tables 1 and  2 in the order that they are found in the genome. Those that are adjacent to each other with intergenic distances of less than 30 nucleotides are assumed to be coordinately regulated and to be part of the same operon. Remarkably, of the 125 ORFs that are up-regulated, 82 (65%) are part of a total of 27 different operons, 18 affected by maltose and 9 by peptides. That these are operons is supported by the short intergenic distances (compared with distances of Ͼ30 nucleotides for the genome in general) and by the proposed (annotated) functions of the ORFs, which in most of the operons are clearly closely related. The notable exceptions are 5 of the 27 operons that encode only (conserved) hypothetical proteins and so their functions cannot be assessed.
The power of the microarray approach is demonstrated by the fact that the operons that are up-regulated more than fivefold by maltose include those that are responsible for maltose transport and for the biosynthesis of 12 amino acids (Glu, Arg, Leu, Val, Ile, Ser, Thr, Met, His, Phe, Trp, and Try), for ornithine, and for citric acid cycle intermediate products ( Table 1 ). Conversely, operons that are up-regulated in peptidegrown cells include those encoding enzymes involved in the production of acyl and aryl acids and 2-ketoacids from amino acids ( Table 2) . These data obviously demonstrate significant up-regulation of ORFs involved in biosynthesis of amino acids during growth on maltose, and the data support the proposed pathways for the catabolism of peptide-derived amino acids via transamination and formation of energy-yielding CoA derivatives (1, 33, 48) . Moreover, as shown in Fig. 2 , analyses of the growth media that were used to obtain the cells that provided the RNA for the microarrays show that a mixture of organic acids, including isovalerate, butyrate, isobutyrate, and phenylacetate, are produced during growth on peptides, whereas acetate is the major product during growth on maltose. These results support a specific switch in regulation in response to a change in the primary carbon source. In the following, we consider the biochemical consequences of the coordinately regulated pathways that are indicated by the microarray analyses.
Biosynthesis of amino acids in maltose-grown cells. Not only are many of the ORFs involved in amino acid biosynthesis in P. furiosus arranged in operons, but those specific for aromatic amino acids-histidine, ornithine, and branched-chain amino acids-are clustered together in a 51-kb segment (PF1657 to PF1715). As shown in Fig. 3 , the majority of the ORFs in this region are up-regulated in maltose-grown cells. In fact, those that are not up-regulated encode proteins involved in ribose transport or are (conserved) hypothetical ORFs. The activity of one of the enzymes involved in branched-chain amino acid biosynthesis, acetolactate synthase (PF0935), increased 40-fold in maltose-grown cells (Table 3 ), in agreement with the measured 17-fold increase in transcript level (Table  1) . Carbon for amino acid biosynthesis during growth on maltose appears to be made available in part via three citric acid cycle enzymes: citrate synthase, aconitase, and isocitrate dehydrogenase (PF0201 to PF0203). These presumably supply 2-ketoglutarate for glutamate synthesis and are arranged in an operon that is up-regulated more than fivefold in maltosegrown cultures (Table 1 ). The activity of isocitrate dehydrogenase is more than twofold higher in maltose-grown cells (Table  3) . In agreement with a biosynthetic role for these enzymes, the closely related species Pyrococcus horikoshii and Pyrococcus abyssi, which do not utilize carbohydrates, lack homologs of these three ORFs (2, 23) .
The microarray data also shed light on the controversial issue of carbamate metabolism in P. furiosus. Previously, it was proposed that P. furiosus possesses a novel CK (PF0676) that synthesizes carbamoyl phosphate for arginine and pyrimidine biosynthesis (13, 56) rather than its usual physiological role of using carbamoyl phosphate to synthesize ATP. However, the expression of PF0676 is up-regulated (5.7-fold) in peptidegrown cells (Table 2) , which is more consistent with the latter energy-conserving role in amino acid catabolism. Moreover, CK is proposed to form a physiological complex with ornithine carbamoyltransferase (PF0594) (34) but ornithine carbamoyltransferase is not significantly regulated by peptides (Ͻ two-fold). In addition, P. furiosus contains two ORFs (PF1713 and PF1714) that are annotated as (a heterodimeric) CPS. These two ORFs are up-regulated (8.0-and 2.3-fold) in maltosegrown cells, consistent with a role for the enzyme in the biosynthesis of arginine. Further evidence for a traditional role for CK in P. furiosus is its presence in the proteolytic, nonsaccharolytic archaea P. abyssi and P. horikoshii, organisms that do not possess a CPS homolog (2).
New information is also provided by the array data on glutamate metabolism in P. furiosus. For example, the citric acid cycle enzymes (PF0201 to PF0203) that are up-regulated during growth on maltose are adjacent to an operon of three ORFs (PF0204 to PF0206), all of which are also up-regulated by about an order of magnitude. PF0205 is annotated as the large subunit of an NAD-dependent glutamate synthase, an enzyme that catalyzes the reductive transfer of the amine However, ORFs PF0204 to PF0206 appear to encode subunits of a heterotrimeric, ferredoxin-linked glutamate synthase that is equivalent to the large single-subunit enzymes found in some cyanobacteria (37) . This enzyme usually functions in concert with a glutamine synthetase, which forms glutamine from glutamate and ammonia in an ATP-dependent reaction. Accordingly, the putative glutamine synthetase (PF0450) in P. furiosus is up-regulated on maltose by almost 20-fold (Table 1) . Interestingly, P. abyssi and P. horikoshii do not possess ORFs corresponding to PF0204 to PF0206, consistent with their inability to grow on maltose in the absence of peptides. P. furiosus also contains a homolog (PF1852) of a novel type of glutamate synthase that has been characterized from another Pyrococcus species (KOD1) (24) . This catalyzes the synthesis of glutamate from ammonia and 2-ketoglutarate in an NADPH-dependent reaction. In P. furiosus, expression of PF1852 is up-regulated sixfold in maltose-grown cells, consistent with a role for the enzyme in amino acid biosynthesis. Transport of carbon growth substrates. The genome sequence of P. furiosus contains several ORFs that are annotated as peptide transporters of one type or another (PF0191 to PF0194, PF0357 to PF0361, PF0999 to PF1001, and PF1408 to PF1412). However, none of them are up-regulated in peptidegrown cells, suggesting that peptides also can be utilized as a carbon source when P. furiosus is grown in a maltose-containing medium. On the other hand, for maltose uptake, there are two operons that show high sequence similarity to the ORFs in the maltose-trehalose transporter (Mal) operon of the hyperthermophile Thermococcus litoralis (63) . Both operons are upregulated more than fivefold in maltose-grown P. furiosus cells (Table 2 ). This transport cluster is not found in the genomes of the nonsaccharolytic P. horikoshii and P. abyssi (29; http://www .genoscope.cns.fr/Pab/). The Mal cluster in T. litoralis encodes a maltose binding protein (MalE), two transmembrane proteins (MalF and MalG) and an ATPase subunit (MalK) (63), together with a maltose-specific transcriptional regulator, TrmB, and an ORF annotated as a trehalose synthase (29) . An almost exact copy (even on the nucleotide level) of the Mal cluster in T. litoralis is present in P. furiosus (Fig. 4) , and this is thought to have arisen by horizontal gene transfer between the two organisms (11) . The microarray data indicate that the Mal (I) cluster in P. furiosus is divided into three transcriptional units: MalE, MalFG-trehalose synthase, and TrmB-MalK (Fig.  4) . The finding of significant amounts of the MalE and TrmBMalK transcripts in maltose-grown P. furiosus cells (Fig. 4) is in agreement with the report that the MalK and MalE proteins can be detected in T. litoralis cells grown in the absence of maltose (17) and that TrmB represses the synthesis of the MalEFG-trehalose synthase cluster (29) . However, although P. furiosus converts maltose into glucose (63) , no obvious candidate for an ␣-glucosidase has been identified in the genome. A protein with ␣-glucosidase activity was purified from P. furiosus, but sequence information was not obtained (9) . A likely candidate for at least one maltose-utilizing enzyme is the putative trehalose synthase, which contains glucanotransferase motifs and is present in the Mal I cluster.
Interestingly, the second maltose transporter (Mal II) cluster in P. furiosus (PF1938 to PF1933) is also up-regulated in maltose-grown cells and is organized in a fashion similar to that of Mal I with three transcription units, except that the ORF adjacent to MalG is annotated as an amylopullulanase (12) rather than as a trehalose synthase. The two Mal clusters are probably induced by maltose and/or malto-oligosaccharides, and their gene products presumably work together to metabolize these sugars as well as others derived from starch. In fact, the expression of an ␣-amylase (PF0272) (27) is upregulated 26-fold in maltose-grown cultures, consistent with the high ␣-amylase activity measured in such cells (Table 3) . However, peptide-grown cells still contain significant ␣-amylase activity (Table 3) . This is assumed to arise from the product of PF0477, which is also annotated as an ␣-amylase (25) and is up-regulated 5.3-fold in peptide-grown cells (Table 2) . A homolog of this enzyme is present neither in the genome of P. horikoshii nor in that of P. abyssi (2) , and this enzyme presumably generates oligosaccharides that then induce the complete saccharolytic pathways when polysaccharides become available during peptide-dependent growth.
Glucose metabolism. Unlike ORFs that encode some of the enzymes involved with maltose metabolism, ORFs encoding glycolytic and gluconeogenic enzymes are unlinked in the genome. Their relative transcript levels under the two growth conditions are shown in Table 4 . Three of them that are unique to the glycolytic pathway, glucose-6-phosphate isomerase (PGI), ADP phophofructokinase (PFK), and GAPOR, are strongly up-regulated in maltose-grown cells. This was previously shown for PGI and GAPOR (58, 60) , and the increase in the transcript level of GAPOR is in agreement with the mea -FIG. 2 . Organic acid production by P. furiosus. Spent media of cells grown by using either peptides or maltose as the carbon source were analyzed for acetate (black), isovalerate (dark gray), (iso)butyrate (light gray), and phenylacetate (white). sured increase in enzyme activity (Table 3) . Interestingly, glucokinase, which is thought to have arisen from PFK by gene duplication (55) , is not regulated, and significant amounts of the transcript are found in peptide-grown cells (Table 4) . Conversely, three enzymes unique to gluconeogenesis, fructose-1,6-bisphosphatase (FBPase), PGK, and GAPDH, are all upregulated in peptide-grown cells (Table 4 ). The increase in the transcript level of GAPDH in peptide-grown cells is in agreement with the observed increase in enzyme activity (Table 3) . FBPase (PF0613) is up-regulated 15-fold in peptide-grown cells, and this corresponds to the FBPase proposed by Rashid et al. (40) . The other FBPase candidate (F2014) (59) is not significantly regulated and is therefore unlikely to play a gluconeogenic role. FBA was reported to be up-regulated in maltose-grown cells relative to those grown on pyruvate (51), but such regulation is not observed here in peptide-grown cells (Table 4) .
One would not expect the remaining 13 ORFs that encode glycolytic and gluconeogenic enzymes to be regulated, but this is indeed the case (Table 4 )-with one notable exception. Triosephosphate isomerase is apparently up-regulated almost fivefold in maltose-grown cells for reasons that are not clear at present. Both pyruvate kinase and its gluconeogenic counterpart, phosphoenolpyruvate synthetase (PPS), are each expressed at comparable levels under the two types of growth condition (Table 4) , and this was confirmed for PPS with activity measurements (Table 3) . PPS is one of the most abundant enzymes in P. furiosus, although the function of the enzyme in maltose-grown cells is not obvious (22, 44) . Two other highly expressed enzymes involved in glucose catabolism are POR and ACS I. Like PPS, neither the array data (Table 4) nor the activity measurements (Table 3 ) indicate significant regulation of either enzyme. This is expected, since POR and ACS I also play key roles in energy conservation in peptide metabolism by using pyruvate derived from amino acid catabolism.
Amino acid catabolism. The first step in the utilization of amino acids in peptide-grown cells is thought to involve transamination (48) and, accordingly, several transaminases are up-regulated. They include one yet to be characterized, PF1253 (6.1-fold) and two that have been purified, PF0121 (4.5-fold) (3) and PF1497 (2.5-fold) (62) . These transamination reactions produce various 2-ketoacids as well as glutamate from 2-ketoglutarate. Glutamate dehydrogenase (GDH) serves to regenerate the 2-ketoglutarate, and the expression of its gene also increases significantly (48) . Two of them, which are specific for 2-ketoglutarate (KGOR; PF1767 to PF1770) and for 2-ketoacids derived from aromatic amino acids (IOR; PF0533 to 0534), are up-regulated in peptide-grown cultures ( Table 2 ). The other two, which utilize pyruvate (POR) and 2-ketoacids derived from the branched-chain amino acids (VOR), are expressed at high levels in peptide-grown as well as in maltose-grown cells. This is expected for POR, as it also uses pyruvate produced from glycolysis during growth on maltose, but the function of VOR in maltose-grown cells is unclear. In any event, the activities of VOR, IOR, KGOR, and POR in cell extracts correspond well with the expression levels determined by the array analyses (Table 3) . However, KGOR has been purified (48) and is composed of four different subunits (PF1767 to PF1770), but the KGOR operon contains three Table 2 ). (Tables 1 and  2). additional ORFs, and these encode homologs of the KGOR subunits (PF1771 to PF1773). All three ORFs are coregulated with the four ORFs of KGOR in peptide-grown cells and presumably encode a fifth member of the KOR family with as-yet-unknown substrate specificity ( Table 2) .
The CoA derivatives generated by the KORs are used to conserve energy by ACS I and ACS II. These enzymes have both been purified and they utilize acyl-and aryl-CoAs, respectively. Although ACS I (PF1540 and PF1787) is not dramatically regulated by the carbon source, the expression of the alpha subunit (PF0532) of ACS II increases more than fivefold in peptide-grown cells, although the expression of its beta subunit (PF1837) is unaffected, as is its activity in cell extracts (Table 3 ). Rationalizing such data is not trivial, as the genome contains three more homologs of the alpha subunit of ACS II (PF0233, PF1085, and PF1838), none of which are significantly regulated, and their corresponding beta subunits cannot be identified. Clearly, the nature and role of the ACS family of enzymes is complex, and more biochemical analyses are needed to complement the array data.
During amino acid catabolism, reductant is generated both as reduced ferredoxin from the KORs and as NAD(P)H from GDH. These are interconverted by ferredoxin NAD(P) oxidoreductase (FNOR), an enzyme previously characterized from P. furiosus (31) . Surprisingly, the expression of the two subunits of FNOR (PF1327 and PF1328) are both down-regulated more than fivefold in peptide-grown cells (Table 1 ), yet FNOR activity is largely unaffected (1) . However, the genome contains two ORFs (PF1901 and PF1911) that appear to be close homologs of the two FNOR subunits, and their expression increased by more than an order of magnitude in peptidegrown cells, presumably in a compensatory fashion (Table 2) . It therefore seems reasonable to conclude that the interconversion of NAD(P)H and ferredoxin is catalyzed by two distinct FNORs (I and II), the expression of which is dependent upon the carbon source. FNOR was also referred to as sulfide dehydrogenase because of its ability to reduce S 0 in vitro (31). Indeed, PF1901 and PF1911 have been referred to by Hagen and coworkers as subunits (SudXY) of a second sulfide dehydrogenase based on sequence analyses (18) . However, S 0 metabolism in P. furiosus involves a novel system unrelated to the two FNOR enzymes (49) , and the designation SudXY is inappropriate for the subunits of what is referred to here as FNOR II (Table 2) .
Finally, the microarray data also provide intriguing information on one other class of enzyme, the hydrogenases. Previous studies have shown both the expression and the activities of the two cytoplasmic and one membrane-bound hydrogenases of P. furiosus dramatically decrease in maltose-grown cultures when S 0 is present (1, 49) . To our surprise, however, transcript levels of the four subunits of hydrogenase I all increase by about an order of magnitude in peptide-grown cultures (in the presence of S 0 ; Table 2 ), even though the hydrogenase activity in the cell extracts remained very low (1) . In fact, the expression of the hydrogenase maturation protein HypF (PF0559) is also upregulated fivefold in peptide-grown cells, so lack of this protein should not prevent formation of active hydrogenase I (Table  2) . On the other hand, as expected, transcripts for the four subunits of hydrogenase II could not be detected in peptidegrown cells, and no significant up-regulation of the membranebound hydrogenase was observed. It is not clear why hydrogenase I appears to be up-regulated in peptide-grown cells, especially without a corresponding increase in activity, and this phenomenon is currently under study. 
